rity Concentra 2, 3 This technique involves the separation of species into immiscible solvents, allowing the removal of impurities by retaining one solvent containing the species of interest, and removing the solvent containing unwanted species. In this context, this involves introducing a chelation agent (in the case of ZBLAN purification, ammonium pyrrolidine dithiocarbamate, APDC, was used) which selectively binds to transition metal impurities. The newly formed transition metal complexes are soluble in the immiscible organic solvent, and discarded, while the ions of interest, Yb 3+ , Ba 2+ , etc. remain primarily in the aqueous phase and are retained. This method is effective, and was shown to reduce transition metal content from 72540 to 115 ppb for the Zr solution. 2 Nevertheless, there are two major limitations to this method: final impurity concentration and scalability. A reduction from 72540 to 115 ppb shows an impressive 99.8% decrease in impurity level; however the final concentration of 115 ppb is still too high for our needs. Impurity levels of ≤10 ppb are likely required to achieve a MAT of near 77 K or, alternatively, maximum heat lift from a payload at a higher operating temperature. Though we have attempted the purification of YLF:Yb precursors through solvent extraction, 4 levels of impurities ≤10 ppb will be difficult to achieve because of the number of different chemicals involved, with all of the potential to introduce impurities. Approximately 160 g YF 3 , 30 g YbF 3 , and 40 g LiF are required to grow a boule of the desired YLF:Yb crystal with the Czochralski method. In order to purify this much material, many smaller scale purifications would need to be performed and combined. Furthermore, the level of purification described previously would require three extraction steps in addition to the initial dissolution and filtration steps, all of which would need to be performed several times to purify the amount of required material.
We propose an alternative purification method, electrochemical plating, which requires only dissolution of starting material, applying a voltage in an electrochemical cell to selectively remove transition metal impurities, and then precipitating the respective metal fluoride with HF acid. This approach could be scaled up more easily.
EXPERIMENT
To minimize impurities in the final precursors, all work was performed in a class 100 cleanroom. The highest purity starting materials for the elements of interest were obtained: 99.999% Li 2 CO 3 , 99.999% Y 2 (CO 3 ) 3 , 99.9999% Y 2 O 3 and 99.9999% Yb 2 O 3 . All solvents were also obtained with the highest possible purity Veritas double-distilled HCl and HF. Before being brought into the cleanroom, all glassware and the electrochemical cell components were leached in 1% nitric acid aqueous solution at 37 °C for at least one week, then rinsed with deionized water.
The procedure for electrochemical purification was as follows: 
Dissolution of the precursor, formation of the chloride, drying, dissolution in water
The high purity starting material was first dissolved in concentrated HCl. In the case of the carbonates, CO 2 evolved from the solution, leaving the metal chloride. When the oxide was dissolved water was the byproduct from the formation of the chloride. The carbonates dissolved and formed the chlorides fairly quickly, often at room temperature, while the oxides took longer to dissolve and required over 24 hours of stirring at an elevated temperature.
Once the precursor was dissolved, the chloride had formed, so the solution was heated in a fumehood to evaporate excess HCl and water. The material was then dissolved in water to form a 1.0 M solution.
Electrochemical plating
First, the working electrode was electrochemically cleaned in a 1.0 M HCl aqueous solution by applying a 1.2 V (vs. Ag/AgCl; 199 V vs. SHE) constant potential for 1 hour. This method electrodissolved any trace transition metal impurities from the electrode, and increased the electrochemical surface area of the working electrode. For this step, a platinum auxiliary electrode (or counter electrode) was used. The solution was removed, and the platinum counter electrode was replaced with a graphite rod (6 mm ø x 65 mm L). The 1.0 M metal chloride solution from step 2.1 was placed in the cell.
The main purification occurred in this step by applying a -1.0 V (vs. Ag/AgCl) constant potential to the working electrode for an extended period of time (from 6-18 hours), while periodically removing aliquots for analysis. Transition metal impurity ions were electrochemically reduced and thus plated onto the electrode surface.
Drying of the chloride, addition of HF, precipitation of the fluoride
The purified metal chloride solution was removed from the cell. The solution was dried, leaving the metal chloride as a powder. The metal chloride reacted to the metal fluoride upon adding an excess amount of HF acid.
ICP-MS
Inductively coupled plasma mass spectrometry (ICP-MS) was used to determine the trace metal concentrations in the aliquots taken from the electrochemical cell. The solutions contained trace metal impurities in the presence of a 1.0 M metal chloride matrix.
The samples were analyzed for 16 elements, which included: Sc, Ti, V, Cr, Mn, Fe, Ni, Co, Cu, Zn, Pr, Sm, Dy, Ho, Er and Tm. Elemental standards were prepared at 500 ppt, 1 ppb, 10 ppb and 100 ppb concentrations, spiked with 50 µL of a 1 ppm indium internal standard, and diluted up to 5 mL with 1000 ppm of the element being analyzed (yttrium, ytterbium, or lithium). Calibration curves were obtained with R 2 > 0.99 for all elements of interest. Each of the samples was prepared (at various dilutions, as mentioned in the text) with the sample, 10 ppb internal standard (indium) and 2% HNO 3 .
RESULTS AND DISCUSSION
Purification by electrochemical plating takes place because a potential is applied to the working electrode to electrochemically reduce the cations of transition metal impurities, but not those of the elements of interest (yttrium, ytterbium, and lithium), which need more negative potentials. . If a potential is applied to the working electrode to completely reduce Fe 2+ and Cu 2+ to Fe 0 and Cu 0 , then iron and copper metals will be electrodeposited on the working electrode and Fe 2+ and Cu 2+ will no longer be dissolved in solution. This is often referred to as the iron/copper being 'plated' onto the electrode.
The selective reduction of transition metals works well in this situation because of the high disparity in reduction potentials between the elements of interest and the transition metal impurities. Table 1 shows the reduction potentials of some important elements. For instance, to reduce Fe 2+ to Fe 0 , 2 electrons must be added, and in order for this to occur, a potential of at least -0.41 V (vs. Standard Hydrogen Electrode, SHE) must be applied. To contrast, to reduce Y 3+ to Y 0 , a potential of at least -2.37 V must be applied. This large disparity allows us to apply a potential larger than those of the transition metal reduction potentials without reducing the yttrium, ytterbium, or lithium in solution. An important limitation for these experiments is the breakdown of water, which occurs at -1.23 V, which gives an upper limit for applied reduction potential. Table 2 show the electroch of 0.2 M. Th Table 3 shows that nickel, copper, and titanium impurities were found in the YbCl 3 solution, though there is not a clear trend in the data. Of importance are the samples with the impurity levels marked with a *, which indicates a standard deviation of greater than 10% of the measured value. An extreme example is sample 4, with a 1.1 ppb of Ti found, however the standard deviation was measured to be 10.2 ppb. These samples were diluted 1000x from the initial concentration of 1.0 M to avoid damaging the instrument. (Table 4 ) and the lanthanide content (Table 5) . From Table 4 it appears that the initial solution does not contain any transition metals, there are only introduced (at high levels) during the electroplating experiment. These samples were also diluted 1000x to avoid instrumental damage. Unlike the LiCl and YbCl 3 samples, YCl 3 was found to contain lanthanides (at a 1-250 ppb level). Not much change in their levels was observed during the experiment, which is to be expected due to their high reduction potentials (see Table  1 ). Tables 2-5 , we modified the experiment to more effectively purify the samples. Based on sample 1 from Table 2 , it was shown that the LiCl was impurity free without electrochemical processing, so the LiCl will be made and left as is. YCl 3 was free of transition metals, seen in sample 1 of Table 4 , only showing lanthanide impurities, seen in all samples of Table 5 , so it will just be dissolved. Based on the possibility of other lanthanides decreasing the cooling efficiency, another source of yttrium was explored, a high purity yttrium oxide which should have lower lanthanide content. YbCl 3 was the one species to potentially show effective removal of impurities over a short period of time, shown in samples 1 and 4 of Table 3 . The electrochemical plating was modified for a shorter period of time with an increased number of samples more frequently to see the best amount of time to plate for.
The new results are shown below in Table 6 , which shows that the samples contain high levels of impurities, including those which were previously shown to be clean. Although not shown, lanthanide impurities (Pr, Sm, Dy, Ho, Er, Tm) were also found at 3-150 ppm levels in all samples. To try and determine source of impurities, various sources were tested for quality control: HCl, water, nitric bath (used for leaching glassware/cell), HCl evaporated in a beaker then filled with water (to simulate drying process), the graphite counter electrode soaked in water, and the nitric acid (used in ICP sample prep). In general, not many impurities were found.
Finally samples 1-13 from Table 6 were run again to test consistency. In general, the samples were still seen to be contaminated, however didn't show the same values, and not all of the same trends were observed. For instance, the iron spike in sample 5 was not observed. As a result of this new data, we believe the source of error to be analysis of the ICP-MS data, which can be corrected by changing how we perform the electroplating and prepare samples for ICP-MS.
While the electroplating methodology is being developed, a crystal was grown from fluorides made from the untreated YLF:Yb precursors, by dissolving the materials in HF and isolating the fluorides. These materials were used to grow a YLF:10%Yb crystal which showed a low background absorption of 4.0x10 -4 cm -1 , which is on par with the high performance YLF:Yb crystals made earlier. Although this is impressive, an even purer crystal was grown using the standard method, yielding a background of 1.0x10 -4 cm -1 .
CONCLUSIONS
As a result of the fairly inconsistent data, especially with the most recent results shown in Table 6 , we believe the source of error to be the ICP-MS. Moving forward we plan to achieve our goals through two methods: (1) performing electroplating at a lower concentration, and (2) increasing the cleanliness of the ICP-MS sampling.
Performing electroplating at a lower concentration
The data appeared to be more consistent in the case of the LiCl, which was only diluted 5x, . This isn't feasible in terms of the instrumentation, so we will prepare 0.001 M solutions of LiCl, YCl 3 , and YbCl 3 , which can be run without dilution to obtain more realistic data.
Increasing the cleanliness of the ICP-MS sampling
Although the processing of the samples is conducted in a cleanroom, the ICP-MS standards are prepared in open air, and the sampling into the ICP-MS is as well. To minimize any contamination during analysis, the standards will also be prepared in the cleanroom, and an air filtration unit has been acquired to house the ICP-MS sampler.
These two efforts should result in a good picture of how to proceed with purification efforts, and we are confident this will result in high purity precursors, resulting in cleaner crystals and thus more effective optical refrigeration. 
